of patients with AF is diversified. The rate of thromboembolic complications, predisposing factors and destination of embolism are different in valvular atrial fibrillation (VAF) and non-valvular atrial fibrillation (NVAF). Patients with VAF have a higher risk of thromboembolism and a higher prevalence of thrombus location within the body of the left atrium compared to NVAF. VAF is also associated with higher propensity for non-cerebral thromboemboli than in NVAF [5] . There are many as yet unanswered questions surrounding the increased thrombotic tendency in AF. One of the crucial questions is what determines the fact that a thrombus in the left atrium remains in situ in some patients, while in others it breaks off and leads to embolic complications.
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As in other disorders, the risk of thromboembolic complications in AF is related to the triad of factors proposed by Rudolf Virchow: abnormalities in blood flow, endocardial/vessels wall damage and alterations in blood composition.
Symptomatic thromboembolic complications are diagnosed annually on average in 5% of patients with atrial fibrillation (AF); however, the incidence rate of these complications varies over a broad range, from 0.5 to over 20% per year depending on coexisting risk factors [1] . Thromboembolic complications secondary to AF are a major cause of mortality and disability. The most common complication of AF is stroke, accounting for between 80% and over 90% of all embolic events [2] . Embolization of peripheral arteries with thrombotic material originating in the left atrium occurs much less commonly; however, in the group of patients having surgery due to peripheral embolism, 60-95% are diagnosed with AF [3] .
Thrombus formation in the left atrium can be triggered by a range of factors, both inherited and acquired. It is necessary to take into account factors directly associated with the cardiac rhythm disorder and concomitant diseases [4] . The population Izabela Gosk-Bierska 1, A-F , Marta Wasilewska 1, B-D , Waldemar Wysokiński 2, A-F
Role of Platelets in Thromboembolism in Patients with Atrial Fibrillation
Blood flow abnormalities in AF comprise primarily blood stasis resulting from a severe dysfunction of cardiac mechanical function. The left atrial appendage is considered a site especially predisposed to thrombus formation [6] . A marker of blood stasis and, at the same time, a risk factor for the development of thromboembolic complications is spontaneous echo contrast (SEC), detected by echocardiography [7] . Damage to endocardial cells in AF patients usually occurs in the left atrium and correlates with vWF concentration, which also predisposes to thrombus formation on this site [8] . Atrial fibrillation is recognized as a condition of increased thrombotic tendency due to associated blood coagulation disorders. AF patients have been shown to have elevated levels of coagulation and fibrinolysis markers (fibrinogen, D-dimer, factor VIIIc, tissue plasminogen activator, thrombin-antithrombin complex, prothrombin fragments 1 + 2), indicators of endothelial damage (von Willebrand factor, thrombomodulin) and blood platelet activation (platelet factor 4 (PF4), beta-thromboglobulin, P-selectin), compared with individuals with sinus rhythm [9] [10] [11] . In the opinion of some authors, disorders of plasma homeostasis and blood platelet function in AF patients are linked to coexisting conditions such as diabetes, hypertension, cardiovascular disease and obesity [6] . Others claim that the increased activation of the coagulation process and the risk of thrombus formation in the left atrium are unrelated to coexisting diseases [12] . None of the above studies demonstrated that any of the mentioned markers of increased thrombotic tendency was specific to AF and determined embolic complications. It was only the study by Conway et al., conducted in a total of 1,321 AF patients, which showed that the level of von Willebrand factor (vWF) was a risk factor for stroke, existing independently of the history of circulatory failure, previous stroke, age and diabetes, and could be recognized as an autonomous risk factor [13] . Recently, a prospective analysis of 414 patients with NVAF provided convincing evidence of a direct correlation between vWF antigen concentration/ activity and the intensity of SEC and the presence of left atrial appendage thrombus. Consequently, vWF testing can be recommended as an additional method for the assessment of embolic risk in AF patients, complementing the CHA2DS2-VASc score [14] . The latest research indicated that blood group 0 may be protective against peripheral cardioembolic complications of NVAF, which may be related in part to reduced circulating von Willebrand levels, but cerebral thromboembolic event rates did not differ by blood group [15] .
Previous studies suggest greater benefits of anticoagulants (such as vitamin K antagonist) in comparison to antiplatelet therapy in preventing AF-related thromboembolism. However, decreased risk for thromboembolism events during antiplatelet therapy in comparison to placebo has been also confirmed [1] . Therefore, antiplatelet drugs can be used in preventing AF-related thromboembolism (patients with 0-1 point in CHA2DS2-VASc score).
Methods for the Assessment of Platelets Involvement in the Formation of Thrombus Secondary to Atrial Fibrillation
Platelets are anucleated shreds of megakaryocytes that play a key role in the thrombotic and inflammatory process. The normal range is 150,000 to 400,000 per cubic millimeter. Platelet population is hetrogenic in terms of its size, reactivity and susceptibility to antiplatelet therapies [16] . The young platelets that contain more megakaryocyte -derived RNA are named as reticulated platelets. Increased percentage of reticulated platelets was found in patients with acute coronary event, patients with embolic stroke and was a predictor of cardiovascular death [17] [18] [19] . Most authors report that reticulated platelets are bigger [19] [20] [21] . Therefore, an increased mean platelet volume (MPV) can be considered as the indicator of larger, more reactive platelets, and risk of thrombotic complications [18] . But there are also contradictory observation [22] .
Methods aimed at measuring platelet activation detect platelet shape changes, membrane building, adhesion, aggregation, release of granular contents directly (e.g. electron microscopy, flow cytometry), and indirectly (e.g. measure the metabolites of platelets in the plasma or urine using ELISA) [23] . For a number of years, the function and/or structure of platelets in patients with AF was assessed by blood aggregometry (following activation with e.g. ADP, collagen) [24, 25] , measurement of the concentration of secreted metabolites/products (beta-thromboglobulin, PF4, P-selectin) [10, 23, [25] [26] [27] , analysis of MPV and platelet receptors in flow cytometry [23, 28] . These studies investigated platelets circulating in peripheral blood [10, [23] [24] [25] [26] [27] [28] [29] .
A major breakthrough came with the advent of methods for investigating platelets contained in thrombotic material harvested during surgical procedures using immunohistochemical tests, which created the possibility of assessing the role of platelets at the time of thrombus formation [30] .
Advances in research methodology in such areas of study as genetics and proteomics have given rise to new opportunities of comprehensive analysis of platelet structure and function based on studying their proteome and transcriptome [31, 32] . Platelets retain megakaryocyte -derived RNA as well as proteins and molecular apparatus necessary for translation. Platelets synthesize proteins in a regulated manner, dependent on platelet activation and integrin engagement. Therefore, the profile of platelet mRNA may provide valuable insights into platelet biology, including thrombotic propensity. In response to diverse activation, platelets are able to modify gene transcription, changing their proteome [32] . The transcriptome of platelets is extremely dynamic, and represents a very sensitive marker of the functional status of platelets [31, 32] . New testing methods -including extraction of pure RNA from paraffin-embedded tissues (RNeasy formalin-fixed, paraffin-embedded, RNeasy FFPE), quantitative real-time DNA assays (quantitative real-time Polymerase Chain Reaction; qRT-PCR), analysis of gene expression by reverse transcription on the RNA matrix (Reverse Transcription-PCR), serial analysis of gene expression (SAGE) -make it possible to assess the transcriptional activity of platelet genes [31] [32] [33] .
Analyses of platelet proteome, transcriptome and gene expression thus offer an opportunity to comprehensively evaluate their functions in different clinical conditions. There is a range of external factors which may significantly affect the megakaryocyte-platelet system and the proteome of platelets released into blood, modifying their function. Genetic information for many blood platelet proteins is contained in the platelet RNA already at the time of their release from the megakaryocyte, e.g. for the Fc receptor, plasminogen activator inhibitor-1, protein kinase C [31] . However, a part of RNA remains functional in platelets released into peripheral blood, which is why platelets synthesize some proteins regardless of the activation or expression of their integrins [31] . It should, therefore, be assumed that the synthesis of proteins contained in platelets is not only a consequence of transcription at the megakaryocyte-platelet level, but it represents a marker of the status of platelets circulating in blood, and a source of information about all platelet functions, not only those related to coagulation. Mc Redmond et al. have put forth the hypothesis that the proteome of platelets reflects their transcriptome. A comparison of platelet's transcriptome and proteome with respect to the UniGene collection has demonstrated a strong link between them, and has allowed an identification of a set of 50 genes which are the most specific to platelets [31] . Rox et al. performed gene expression analysis in platelets from a single donor. They used PCR-based RNA amplification technique (switching mechanism at the 5' end of RNA templates-SMART), and tested the reliability and precision of the RNA amplification procedure by use of real-time PCR to measure quantities of specific transcripts: von Willebrand factor, A-subunit of factor XIII (F13A), glyceraldehydes-3-phosphate dehydrogenase. They proposed a protocol which made extremely small amounts of platelet RNA available for gene expression analysis in single patients [32] . Dittrich et al. established a comprehensive serial analysis expression (SAGE) library of purified human platelets. The SAGE library represented an accurate reflection of the platelet transcriptome, about 12,600 nucleus derived tags represented, 2,300 different transcripts on the level of sequence, structure, and function. These studies emphasize the richness and diversity of the platelet transcriptome [33] . Evaluation of platelet transcriptome becomes a very important clinical tool and is now emerging and as a new modality of platelet activity assessment expanding beyond traditional platelet function studies.
Recently published data demonstrates an important role of microRNA in human megakaryocytopoesis [34] [35] [36] [37] [38] [39] . Despite their lack of nuclear DNA, platelets contain significant amounts of microRNA that have important functions in post-transcriptional gene regulation [37, 38, 40] . Kondkar et al. have found that differential expressed platelet microRNA altered the expression of VAMP8, a critical component of platelet granule exocytosis [35] . Nagalla et al. tested associations between microRNA profiles and platelet reactivity and the relationships between differential expressed microRNAs and target differential expressed mRNAs in health subjects. They found that human platelets express 284 microRNAs. The study provided evidence that platelet microRNA are able to repress expression of platelet protein, that microRNA may predict platelet reactivity, and that the bioinformatic approach can identify functional microRNA in platelets [37] . Osman et al. identified 281 transcripts, including 228 mature miRNAs and 53 minor miRNAs, of which six miRNAs (miR-15 a, miR-339-3 p, miR-365, miR-495, miR-98, and miR-361-3 p) were up-or downregulated in activated human platelets and indicated that encompassed 246 genes in 5 statistically significant functional clusters representing platelet miRNA regulating pathways. This study affirmed a recent microarray study reporting a wide-spread existence of miRNAs in human platelets. They observed that thrombin stimulation was associated with altered levels of some miRNAs in platelets [38] . These studies provide new opportunities for assessing the role of platelets in thromboembolic complications in patients with atrial fibrillation.
As mentioned above, studies of platelet functions are usually conducted based on analyses of platelets circulating in peripheral blood, before thrombus formation or after its origination. Such studies are only suitable for assessing thrombotic tendency prior to the appearance of complications, or for determining the potential involvement of platelets in events which have already occurred. In contrast, investigating the gene expression of platelets contained in the thrombus carries information about the morphological and functional status of the blood cell population which is directly involved in haemostatic plug formation. The study demonstrated that RNA extracted from FFPE platelet-rich tissues (thrombus) can be used for qRT-PCR analysis in order to determine platelet-predominate genes expression, and that RNA extracted from thrombus provides results comparable to those obtained from platelets isolated from fresh peripheral blood in patients with AF. The study indicated that RNA isolation and transcriptome analysis of platelets with far less genetic material compared to nucleated cells is also possible when several-year-old samples are used. This is a particular advantage for studying rare disease processes which may require years to acquire adequate sample numbers. Moreover, this methodology will permit investigators at remote sites to collaborate by submitting tissue samples which may include cells such as platelets which neither store nor transport well. Detailed methodology of platelet RNA isolation from peripheral blood or formalin-fixed, paraffin-embedded (FFPE) thrombi and platelet-specific genes expression assay were described in our previous publication [41] .
Role of Platelets in the Pathogenesis of Thromboembolic Complications in Patients with Atrial Fibrillation
A range of external factors in AF, including blood stasis in the left atrium, elevated intra-atrial pressure (leading to a rise in pressure in pulmonary veins and an increased release of atrial natriuretic peptide) or histological lesions in the endothelial lining of atrial walls, can affect the function of blood platelets present in peripheral blood and/or modify blood platelet production by megakaryocytes [42, 43] .
Studies investigating correlations between platelet function and the risk of embolic complications in patients with AF secondary to valvular pathologies and NVAF have been conducted for many years [10, [25] [26] [27] [44] [45] [46] [47] [48] [49] [50] [51] . An increased level of platelets in patients with thrombocythemia and an association with thromboembolic events has been confirmed. Platelet activation has been especially shown to be responsible for some neurological disorders (such as transient ischemic attack, stroke, and cerebral venous thrombosis) that may complicate thrombocythemia. However, there is little accurate data on the correlation between thrombocythemia and thromboembolic complication in patients with AF [52] .
AF in patients with a stenosis of the left venous ostium produces a 3-7-fold increase in the risk of embolism. In addition, it is associated with an elevated incidence of thrombus in the left atrium (16% vs. 1%) compared to patients without any cardiac arrhythmias [8, 53] . As opposed to healthy individuals, patients suffering from rheumatic cardiac disease and AF have been shown to have higher ADP-induced platelet aggregation levels, higher concentrations of beta-thromboglobulins and PF4, signifying platelet activation, and glycocalicin (GPIb fragment) as a marker of damage to the thrombocytic membrane [25] . Some studies point to a correlation between blood platelet activation and the degree of stenosis of the left venous ostium, and a link between blood flow disorders expressed by the presence of spontaneous echo contrast on echocardiography. Kataoka et al. have shown decreased blood platelet activation following effective mitral valve valvuloplasty [26] . Other studies contradict these findings, demonstrating a rise in P-selectin and von Willebrand factor in patients who have undergone balloon valvuloplasty, and recognizing the parameters as risk factors for thromboembolic complications and an indication for introducing antiplatelet and/or antithrombotic treatment [42] .
The importance of other cardiac valvular diseases as risk factors for thromboembolic complications in AF patients is not straightforward. Reports concerning the function of blood platelets and the hypercoagulable state in mitral regurgitation are conflicting. Some studies have found an increased blood platelet activation levels in patients with severe mitral regurgitation and AF [49] . Some clinical observations indicate that mitral regurgitation is not only linked to a lower incidence of spontaneous echo contrast but it even decreases the risk of stroke in patients with nonrheumatic AF [54, 55] .
During the course of aortic valve diseases, the pathomechanism underlying raised platelet activation and elevated risk of embolism in AF patients has a different background than in mitral stenosis. It is believed that in aortic valve stenosis the formation of platelet and fibrin deposits on the valves, which constitute a potential source of embolism, is independent of AF and may be related to the atheromatous process in the aorta [56] .
The mechanism leading to platelet activation in patients with NVAF is complex. Studies by Minamino et al. suggest that AF involving low concentrations of adenosine, nitric oxide and cyclic GMP may trigger platelet activation [43] . The absence of differences in P-selectin concentration between blood in the left and right atrium, and in the femoral vein and artery, suggests that AF has no impact on the variation in blood platelet activation in different sections of the circulatory system [57] . Observations about the increase in platelet activity and their implication in the pathogenesis of thrombus formation in the left atrium or embolic complications secondary to NVAF are divergent, and depend largely on the test method in use (Table 1) .
Patients with NVAF have been identified with differences in blood platelet activation conditional on the flow rate in the left atrial appendage. Low flow rates (< 40 cm, S-1) implying the presence of stasis were associated with higher concentrations of beta-thromboglobulin and PF4, and a greater incidence of SEC and/or thrombus in the left atrium [27] . AF patients with a previous embolic incident, and patients at a high risk of embolic complications expressed by SEC or the presence of a thrombus in the left atrium were also found to have a significantly higher P-selectin and platelet CD63 expression than patients without a previous embolic incident or thrombotic lesions in the left atrium [47] . The study by Hwang et al. nonetheless has failed to establish an association between the presence of spontaneous echo contrast (SEC) on echocardiography and ADP-and collagen-induced platelet aggregation in patients with NVAF [24] . Patients suffering from NVAF, both without embolic complications and with a history of stroke, have been shown to have higher plasma concentrations of beta-thromboglobulin and PF4 than patients with a prior stroke and sinus cardiac rhythm [10] . Another finding was an increase in platelets activation expressed by the concentration of beta-thromboglobulin and PF4 during episodes of paroxysmal AF compared to periods of persisting sinus rhythm, and a positive correlation between platelets activation and duration of AF episodes [29] .
A controversial issue remains the assessment of platelet activity in AF on the basis of mean platelet volume (MPV) ( Table 1) . MPV, a measure of platelet size, is also thought to be a determinant of their function, since large young platelets have a greater propensity for platelets clot formation [44, 46, 48, 50, 51] . Colkesen Y et al. [44] reported that mean platelet volume is elevated during paroxysmal atrial fibrillation; however, it is unclear if bigger platelets are indeed reticulated platelets [22] .
Studies listed above indicate a link between platelets and the hypercoagulable state in AF patients: however, they fail to provide unambiguous evidence for the direct involvement of platelets in the process of embolization with thrombotic material originating in the left atrium (Table 1) . Studies conducted at the Mayo Clinic and Wroclaw Medical University initiated a comparative analysis of the cellular and biochemical structure of thrombus present in the left atrium and peripheral embolic material in AF patients. Immunohistochemical tests showed accumulations of fibrin and blood platelets both within in situ and embolizing thrombi. Fibrin was found to be an essential component both in peripheral embolic material (65%) and in local left atrial thrombus (52%). Also, platelet-rich areas were shown to be more common in embolizing thrombi (39%) than in thrombi remaining in the left atrium (19%). The studies reported above demonstrated a difference in structure between thrombi located in the left atrium and thrombi embolizing peripheral arteries, formed during AF, and diverse involvement of blood platelets in their origination [30] .
The continuation of the above observations was a genetic study comparing gene expression of blood platelets harvested from in situ left atrial thrombi and thrombi which embolize peripheral arteries. The thrombi were collected during cardiac surgery procedures or embolectomies performed in AF patients. Higher gene expression of platelet factor XIII (F13A1) in thrombi in situ in the left atrium, compared to embolizing thrombi, proved the involvement of platelets in the pathogenesis of peripheral thromboembolic complications in patients with NVAF through the effect of left atrium thrombus stabilization [41] . The majority of studies assessing the role of blood platelets in the process of coagulation focus on platelet activation, adhesion and aggregation. The involvement of blood platelets in the process of thrombus stabilization is a rarely studied aspect, even though ca. 50% of the activity of factor XIII leading to fibrin stabilization comes from platelet FXIII-A [58] . The lack of differences in gene expression for PF4, which is a determinant of platelet activation, and glycoproteins responsible for platelet adhesion (GP IX, GP Ib β) and aggregation (integrin α2b) between in situ left atrial thrombi and peripheral LAAFV -left atrial appendage flow velocity; MPV -mean platelet volume; PF4 -platelet factor 4; LAT -left atrial thrombus; SEC -spontaneous echocontrast; TEE -transesophageal echocardiography; FU -follow-up; ADP -adenosine diphosphate; TRAP -thrombin receptor activating peptide.
embolic material implies that the activation, adhesion and aggregation of blood platelets do not play a major role in the pathogenesis of embolic complications secondary to AF (with the except of primary thrombus formation) [41] . In the past, greater benefits of anticoagulants (vitamin K antagonist, direct thrombin inhibitors, FXa inhibitors) in comparison to antiplatelet therapy in preventing AF-related thromboembolism were a premise for recognizing the role of platelets to be negligible. In connection indisputable platelet participation in the formation of left atrial thrombus and embolic complications in AF, poor efficacy of antiplatelet therapy remains unclear issue. Subsequent clinical observations demonstrated that insufficient efficacy could have its origin in ASA resistance [59] . Recent studies, showing that the embolic potential of left atrial thromboses depends on the involvement of platelets in the process of fibrin stabilization rather than aggregation, warrant a fresh look on traditional pharmacological methods of preventing thromboembolic complications in AF patients.
Conclusion
Previous observations indicate the need for further research on platelets participation in the pathogenesis of thromboembolism in patients with AF, particularly determined platelets specific genetic differences will provide new insights into role of platelets in the prothrombotic status related to this arrhythmia.
The introduction of new methods for investigating blood platelet function, such as the analysis of transcription activity of platelet RNA contained in thrombi formed in AF, creates an opportunity for studying populations of platelets that are directly involved in homeostatic clot formation.
